The application of single-wall carbon nanotubes (SWCNTs) in aqueous solutions is limited due to their release and inability to restrain them. Therefore, the change in their properties of carbon nanotubes through modification in order to prevent their release seems essential. This study was an attempt to cover SWCNTs by magnetic nanoparticles in order to improve the adsorption capacity and strengthen the separation of SWCNTs from an aqueous solution. At this study, the experimental design was used to optimize the parameters of toluene removal by single-wall carbon nanotubes-magnetic nanoparticles (SWCNT-MN). The maximum removal of toluene (99.6%) occurs in the optimal condition for toluene removal by SWCNT-MN nanoreactors. The obtained results in both batch and continues column modes indicate that the removal efficiency in column mode is less than batch mode. This suggests that the SWCNT-MN possessed a good potential for toluene removal from polluted aqueous solutions with controlled releasing.
INTRODUCTION
Toluene is one of the most important materials in the chemical process industries. This compound are usually used as raw materials in numerous chemical productions and also often as solvent in a wide variety of manufacturing processes. Toluene is widely used in industry as solvents for organic synthesis, equipment cleaning, and other downstream processing purposes. It is frequently found in groundwater because of leaks in underground storage tanks and pipelines, improper waste disposal practices, inadvertent spills and leaching from landfills [1] . The presence of toluene in water supplies causes poisoning and damage to central nervous system in humans. Toluene is not known as a carcinogen but when it is present in the environment with other organic compounds, it may increase cancer risk [2] . The processes like biological treatment, adsorption by different adsorbents, use of membrane processes, and wet air oxidation (WAO) have been used till now to treat waters polluted by toluene [3] [4] [5] [6] . In general, these processes have their own advantages and disadvantages. The adsorption is a process that can be simply used both in in-situ and out of ex-situ. Also, this process has an acceptable performance in removal of environmental pollutants. Among the used adsorbents, the activated carbon has been more frequently used to remove organic compounds because of its high adsorption capacity [7] . The comparison between carbon nanotubes and other adsorbents like active carbon indicates that carbon nanotubes are better adsorbents for organic compounds in environmental issues [4] . But the application of single-wall carbon nanotubes (SWCNTs) in aqueous solutions is limited due to their release and inability to restrain them. Therefore, the change in their physical and chemical properties of carbon nanotubes (CNTs) through modification in order to prevent their release seems essential [8] . Many studies have been done about the effect of combined adsorbents on different pollutants. Chang et al. used a combined adsorbent to remove florid from water. In this study, SiO2 was doped on Fe3O4 nanoparticles and finally was covered by Al(OH)3. The results obtained from this research showed that the magnetic combined adsorbent synthesized by sol-gel method, possessed the maximum florid adsorption with 38 g/kg capacity [9] . Lu et al. used modified carbon nanotubes by chemical vapors through precipitation and oxidation with HCl, H2SO4, HNO3, and NaOCl solution to remove benzene, toluene, ethyl benzene, and xylene-P (BTEX) from aqueous solution. The oxidation of carbon nanotubes by H2SO4, HNO3, and NaOCl solution caused an increase in BTEX adsorption rate by these nanotubes [4] . Zargar et al. used modified nanoparticles of iron oxide to remove and recover Amaranth from wastewater. In this method, iron nanoparticles were covered by cetyltrimetylammonium bromide (CTAB) as the adsorbent which was separated from the liquid using magnetic field [10] .
This study was an attempt to cover SWCNTs by magnetic nanoparticles in order to improve the strengthen separation and adsorption capacity of SWCNTs from an aqueous solution. The original aim of this research is implementing continuous condition in a column for preventing single-wall carbon nanotubesmagnetic nanoparticles (SWCNT-MN) release in effluent. In this study, isotherms and kinetics of adsorption system were investigated.
EXPERIMENTAL
The samples used in this study were made in experimental conditions. To make the samples, first, 100 mg/l toluene stock solution was created using ultrapure toluene composition and the needed concentrations were provided for the standards and solutions (10, 30, 70 , and 100 mg/l). To solve these compounds in water, the mentioned solution was placed in ultrasonic bath for 60 min and then was mixed in 25°C for 25 h. After 24 h, the ultrasonic bath was repeated for 30 min. In this way, the solution was not biphasic but homogenous.
At present study, the experimental design was used to optimize the effect factor on toluene removal by SWCNT-MN. The design of experiment was based on Taguchi orthogonal table. To run the batch experiment, a glass flask 110 ml was used to pour absorbents 0.5, 1, 1.5, and 2 g/l respectively and 100 ml provided toluene solution was added. The initial concentration of needed solution (C0) was chosen to be 10, 30, 70, and 100 mg/l for every stage of the experiment. The glass flask was completely sealed and was put on shaker (orbital shaker, model OS 625) and was stirred for 2, 8, 14, and 20 min with pH 2, 5, 8, and 11 at 25°C with intensity of 240 rpm. All experiments were repeated for 3 times. Beside the other samples, a blank sample was placed which in no adsorbent was added to make sure that the removal of toluene concentration in the solution only results from being adsorbed on the adsorbent rather than bottle adsorption or evaporation. It took 2 minutes for adsorbents to be settled and then samples were taken after filtering the supernatant with 0.45 micron filters and a magnetic field was used to separate the suspended magnetic SWCNT-MN [11] . Then, the toluene was measured by gas chromatography-mass spectrometry (GC/MS). SWCNT-MN nanoreactor column with continues flow was made with a tube (5 cm diameter, 20 cm length) and its top and bottom were blocked by stainless steel fiber and surrounded by two magnets with 0.15 T from the outside to keep these SWCNT-MN (Figure 1 ). In this column, the flow direction was upward. The column was operated under the optimized condition obtained in batch system with retention times 2, 8, 14, and 20 min. pH of the solution was recorded as pHin and pHfin before and after being exposed to the adsorbents. The pH was adjusted using hydrochloric acid 0.05 molar and sodium hydroxide 0.05 molar. The amount of the toluene adsorbed on the adsorbent as (qe) mg/g was calculated, the percent of removal (%), and distribution ratio (KD, L/g) of these compounds were calculated:
Where C0 and Ct represent the toluene concentration in primary solution and after exposed to adsorbent, respectively (mg/l). V is the volume of primary solution (liter) and m is the adsorbent's weight added to the bottles (g).
To measure the toluene concentration in the samples before and after treatment, a GC plant equipped with MSD model 5975C made by Agilent company was utilized with the injection of split/splitless mode. In this mode, a silicon column HP-5 MS (5 % phenyl-95% climethylpolysioxane; 30 m × 0.25mm I.D; 0.25 μm) and helium gas (99.995% purity) with 1 ml/min flow speed as carrier gas were used. The temperature of MSD column was adjusted as follows: 36°C for 10 min, increase to 140°C with 10°C/min, and fixing the temperature at 140°C for 2 min. The temperature of the injection spot was adjusted at 210°C and headspace gas 1 ml was injected to MS plant in splitless mode. The effluent of chromatography gas column was transferred to an ionization detector at 280°C through transfer line at 250°C. The analysis was done by MS in scan mode. The sample injection was done by a Head Space (HS) sampler named CTCPAL-CompiPAL which was set as follows: sample warming time: 25 min, warming temperature: 70°C, sample volume: 1 ml, temperature of injection syringe: 110°C, bath time with nitrogen gas: 2 min, syringe filling time: 0.03 min, injection time: 1 min, liquid sample volume: 2 ml in 10 ml vials. No salt was added to the samples.
The adsorbent used in this study was the carbon nanotubes combined with magnetic nanoparticles which was synthesized as follows: To make NM with 20 % SWCNTs basis (with weight proportion of 20:100), nitrogen was injected to distillated 30.6 ml of water at 85°C for 10 min. Then, 2.6 gr of FeCl2.4H2O and 1 gr of FeCl3.6H2O was added to the mentioned water and it was mixed. After 5 min, 15 gr SWCNTs was added and mixed by a manual mixer. Then, 1.5 ml of ammonia 25% was added and mixed. The mentioned solution was placed under hood at room temperature for 30 min to get homogenous. The sample was dewatered by an adsorbent and was dried in the oven at 105°C for 24 h. The sample was put in the furnace beside a neutral gas (nitrogen) at 350°C. It must be noted that it took 90 min for furnace to reach this temperature and it stayed at this condition for 1 h. After turning the furnace off, the sample was cooled in the furnace and the temperature again reached to the room temperature. In the used columns, SWCNT-MN was compacted in tablet form on stainless steel wools by magnetic field. Surface area, pore volume, and pore size distribution (PSD) were measured through nitrogen adsorption at 77 degree Kelvin using an ASAP 2010 porosimeter from Micrometrics Corporation. The samples were degassed at 350°C with pressure 0.67-1.33 kPa in dark condition before adsorption experiments. PSD was evaluated with the use of Barrett, Joyner, and Halenda algorithms (ASAP-2010). Surface area, particle's diameter, and adsorbents' pore volume are represented in Table 1 . The morphology and particle size of SWCNT-MN was determined by a transmission electron microscope (TEM) (Figure2). 
Figure. 2. TEM image of SWCNT-NM (a) general view and (b) in details
The analysis of obtained results was done based on the experiment by DOE software (Design Expert 6) and using Taghochi OA method. DOE is used to reduce the number of experiments and analyze the data. ANOVA was modified to identify the most effective factors in efficiency of toluene removal by SWCNT-MN. Taghochi OA method was used in four different levels through four factors as reported in Table 2 . This matrix included 16 runs and each run was triplicate. ISOFIT software was applied to investigate toluene adsorption isotherm on the adsorbents [12] . ISOFIT is a program that matches the isotherm parameters for experimental data through minimization of the weight of error squares sum between the measured experimental data and isotherm calculated value. To investigate adsorption isotherm, the toluene with 10-100 mg/l concentrations was provided (with 10 mg/l concentration interval). At the present, ISOFIT explains isotherms namely BET, Freundlich, Freundlich with linear partitioning (F-P), General Langmuir-Freundlich (GLF), Langmuir, Langmuir with linear partitioning (L-P), linear, Polanyi, Polanyi with linear partitioning (P-P), Toth. 
RESULTS AND DESCUSION
The results obtained from the characteristics of SWCNT-MN were presented in To identify the optimized condition for toluene removal by SWCNT-NM nanoreactors, experiment design method was used. The optimized condition such as solution pH, contact time, the amount of absorbent, and toluene concentration was investigated. Table 3 shows toluene removal percentage (%R) by SWCNT-MN, SWCNT-MN adsorption dosage, contact time, equilibrium values of adsorbed toluene (qe), distribution proportion with different concentrations of toluene, and pH. Also, this Table indicates that the maximum removal of toluene by SWCNT-NM nanoreactors happened in run 10 which was about 99.6%. However, to determine the effect of each considered factor and the ideal condition for mentioned factors, the effects Table and diagrams related to the factors should be used. Table 3 . Design matrix and results of toluene removal by SWCNT-MN at different condition Table 4 shows the effect of each factor and their interaction for toluene removal by SWCNT-NM nanoreactors. F values and each individual factor is calculated through dividing mean square by residual mean square to compare variances with residual variances. If the variances and residual variances were closed, their proportion will be nearly 1 and mean will be less significant. In addition, if p value was less than 0.05, it will have significant effect on the response. All the studied factors in toluene removal by SWCNT-MN nanoreactors have considerable effects so that p value is smaller than 0.05. The highest effect belonged to contact time (F = 1219.9, effect= 35.4%) and pH showed the least effect (F = 67.4, effect = 2% Figure  2 (a) reveals that gradual increase in initial concentration of toluene raised its removal percentage. Kennedy et al. suggested that addition to the concentration of pollutant (phenol) raises the removal efficiency by activated carbon. The initial concentration affects highly adsorption force and mass transfer. Therefore, a rise in the concentration of toluene improves the adsorption and adsorbent efficiency [13] . Figure 3(b) shows that increase in the concentration of SWCNT-MN from 0.5 to 2 g/l leads to a rise in removal efficiency from 64.5% to 73%. The study of Roa et al showed that increase in dosage of carbon nanotubes makes a rise in percentage of nickel removal which can be due to access to adsorption sites [14] . Also, Tang et al. report an experiment in which nitro phenol-p was removed from aqueous solutions by activated carbon fibers and suggested that when adsorbent concentration is 2 and 4 g/l, the adsorbent capacity reaches to the point that 77.6 % and 84.8 % of nitro phenol-p were removed, respectively [15] . In Figure 3(c) , it can be observed that toluene removal efficiency increases when contact time rises (p value˂0.05), but increase slope was higher from 2 nd to 8 th min and 20 th min is the optimal contact time. The increase in contact time results in a quick rise in carbon nanotubes' adsorption efficiency and capacity. However, the needed contact time to reach equilibrium condition depends on the initial concentration, So that, whatever the initial concentration is increased, the required contact time to achieve equilibrium conditions increases. [14] . Figure 3(d) shows that increase in pH from 2 to 8 causes a raise in the removal efficiency and then it decreases, but this increase is not significant (p value>0.1). Also, Tang argues that decrease in pH reduces efficiency of nitro phenol-p removal done by activated carbon fibers. That is, when pH of the solution is less than 4.3, the adsorption happens slowly, but in the case of pH higher than 4.3, adsorption occurs with a very high speed which increases removal efficiency [15] . Kennedy point out that raise in pH leads to a decrease in phenol adsorption on activated carbon so that when pH is higher than 7.5, phenol adsorption decreases quickly which depends on point of zero charge (pHpzc) that was 7.1 for carbon. In the case of pH less than 7.1, surface of carbon has positive charge and that is the reason electrostatic forces between pollutant and adsorbent decreases. When pH is higher than 7, carbon possesses negative charge which in adsorption force decreases due to a lot of hydroxide ions in the solution and reduces adsorption rate [13] . These results are confirmed by Pourzamani et al. [8] . The maximum removal of toluene (99.6%) occurs in initial concentration 100 mg/l, adsorbent dose 2 g/l, contact time 20 min, and pH = 8 which can be considered as the optimal condition for toluene removal by SWCNT-MN nanoreactors. The capacity of optimal toluene adsorption was 49.8 mg/g. the optimal contact time (20 min) is lower compared to other studies. Aivalioti et al. reported 240 h as the optimal retention time to remove toluene by Diatomaceous earth corrected by heating [7] . Table 5 displays adsorption capacity of several adsorbent for toluene adsorption. It shows that SWCNT-MN enjoys enormous absorption capacity, between the different adsorbents. On the other hand, SWCNT-MN efficiency (99.6%) in toluene removal compared to SWCNTs efficiency (98.9%) and NM efficiency (98.9%) in identical condition (optimal condition) indicates that modifying SWCNTs with MN raises adsorption capacity and removal efficiency, control of toluene releasing in aqueous solution. Therefore, SWCNT-MN can be used as an appropriate adsorbent to adsorb pollutants like toluene from water and wastewater. In SWCNT-MN nanoreactors column, toluene initial concentration 100 mg/l, adsorbent dose 2 g/l, pH = 8 was considered (Table 6 ), but the retention time was changed from 2 to 20 min. The results obtained in this stage (Figure 4) reveal that the maximum removal occurs at 20 min. Toluene removal efficiency in retention times 2, 8, 14, and 20 min had significant difference so that p value was smaller than 0.05 to compare these retention times. The diagram related to experiment design (Figure 4) indicates that highest toluene removal happens in zero to 8 min and after that removal efficiency increases with lower speed. This is because of high initial concentration of toluene and vacant adsorption sites of SWCNT-MN nanoreactors. However, from 8 th min, adsorption happens inside the tube which depends on compounds' penetration speed. When the adsorbents used to remove toluene in batch mode (99.5%) and column mode (98.2%) were compared, it was noted that removal efficiency is lower in column mode which is due to decrease in absorbent's contact surface resulting from being pressed in SWCNT tablets. Amin et al. showed that removal efficiency of benzene by nano magnetic particles in the optimum situation were 94.5% and 98.7% in continuous and batch conditions, respectively [16] . Bystrzejewski et al. used carbon-encapsulated magnetic nanoparticles as mobile sorbents for removal of heavy metal ions from aqueous solutions. The ion uptakes achieved 95% for cadmium and copper. The sorbents also have adsorption capacities between 1.23 mg/g and 3.21mg/g [17] . Table 7 . This Table shows isotherm values of akaike amended information criterion (AICc), correlation between residual and normality, Linssen measure of non-linearity (M   2   ) for BET, Freundlich, Freundlich with linear partitioning (F-P), General Langmuir-Freundlich (GLF), Langmuir, Langmuir with linear partitioning (L-P), linear, Polanyi, Polanyi with linear partitioning (P-P), Toth. Toluene adsorption by SWCNT-MN nanoreactor based on fairly low value of AICc indicated that it follows GLF isotherm and the isotherm is the best fit for toluene adsorption by SWCNT-MN. As a result, this compound is adsorbed on outer and inner surface of this adsorbent homogenously and heterogeneously. In this study, the results showed that ISOFIT provided well fits in toluene removal by SWCNT-MN, for GLF, linear, Langmuir, BET, L-P and Freunlich isotherms. Wibowo et al. surveyed the adsorption of benzene and toluene from aqueous solutions onto activated carbon; their study shows that the Langmuir equation can describe the experimental data fairly better than Freundlich [18] . Bina et al. studied the adsorption of ethylbenzene by SWCNTs. Results indicate that ISOFIT produced well fits values. In particular, ISOFIT provided superior fits for the BET, GLF, and Polanyi isotherms [19] . Also, the study on adsorption of benzene by SWCNT-MN by Pourzamani et al showed that the GLF isotherm described the equilibrium adsorption data better than other alternative isotherms [8] . Table 8 represents parameters of GLF isotherm related to toluene adsorption by SWCNT-MN nanoreactors which is obtained from ISOFIT program and Figure 5 displays the diagram of toluene adsorption isotherms by SWCNT-MN nanoreactors. 
CONCLUSION
In this study, SWCNT-MN adsorbent was used to remove toluene from aqueous solutions. In general, the adsorbents in the size of nano create more adsorption surface compared to larger adsorbents; therefore, their efficiency in removal of pollutants from aqueous environment is more. However, it must be noted that existence of these adsorbents in the environment and their use in uncontrolled condition can endanger the public health or leave a lot of negative effects on the environment. In this study, in addition to examining the efficiency of nanoadsorbents in batch condition, there was an attempt to investigate their behavior considering toluene removal in controllable condition in SWCNT-MN column for nanoreactors made from single-wall nanotubes and Fe3O4 nanoparticles. The results obtained from the investigation of toluene removal efficiency by SWCNT-MN nanoreactors in both batch and column modes indicate that the removal efficiency is less in column mode than batch one. Applying SWCNT-MN nanoreactors column is important considering environmental and economic issues because of concern about releasing the mentioned nanoreactors in effluents. In this column, SWCNTs keep MN so that there is no need to magnetic column. Also, in the case of SWCNT-MN nanoreactors powder, the magnetic property of Fe3O4 nanoparticles can help to separate them by magnetic field. Also, Toluene adsorption by SWCNT-MN nanoreactor based on value of AICc, indicated that it follows GLF isotherm. 
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